Compton spectra of a-oxalic acid dihydrate single-crystal slices and powder samples were measured in a helium atmosphere using 59.537 keV 241 Am radiation. In the anisotropic case, the scattering vector was oriented parallel to the shortest hydrogen bond, in the direction of the C = O bond, parallel to the C -O bond and perpendicular to the (a, c)-plane. The comparison of theoretical reciprocal form factors, calculated with a local density-approximation (LDA) method for an a-(COOH) 2 • 2H 2 0 cluster in triple-zeta basis-set quality, with the experimental data has demonstrated that there is a considerable influence of intermolecular interactions on the electronic structure. Further calculations including the intermolecular interactions of the first coordination sphere by symmetrical orthogonalisation of the LDA wave functions clearly improved the agreement of experiment and theory. A theoretical analysis of the reciprocal form factor B a (s) in the direction of the three different hydrogen bonds of a-oxalic acid dihydrate on the basis of the cluster calculations has shown that in the region above s = 1.9 Ä all these bonds are dominated by electrostatic attraction and exchange repulsion of the donor and the acceptor system.
Introduction
Compton scattering is an interesting and useful method for studying intramolecular and intermolecular interactions such as hydrogen bonding in condensed matter [1] . The experiment uses X-ray or y-ray photons, which excite the electrons of a target into unbound states by transferring energy and momentum in an inelastic scattering process. A Compton band results in the spectrum of scattered photons that, in the model of vertical transitions of a quasi-free electron gas (impulse approximation), reflects the distribution of momentum components q of the electrons of the sample in the direction of the scattering vector k. The Compton profile J(q) (experimentally convoluted with a resolution function R(q) to J c (q) ) is the one-dimensional projection of the three-dimensional momentum density n (p) onto the Ac-vector (for reviews see, e.g., [2, 3] relative to the crystal coordinate system, thus enabling one to obtain detailed directional information on the chemical bonds and interactions in solid state.
At the IUCr conference in 1975, a-oxalic acid dihydrate, a-(COOH) 2 • 2H 2 0, was selected as an object for comparing best-possible experimental electron density maps from different laboratories, resulting in a great number of X-ray and neutron diffraction analyses [4] , With these experimental data [4, 5] and by comparison with structure factors based on refined vibrationally averaged theoretical electron density distributions, Krijn et al. [6, 7] demonstrated the influence of the shortest hydrogen bond and the crystal environment on the electron density in a-(COOH) 2 • 2H 2 0 and lowered the X-ray crystallographic R-factor from 1.3% to 1.0%.
Owing to the large number of types of chemical bonds in the crystal, the nearly (anti-)parallel orientation of these bonds and its low photoabsorption coefficient, a-oxalic acid dihydrate is also an interesting subject for Compton scattering and offers a particularly favourable opportunity to combine position and momentum-space data to a complete picture of the electronic structure. The reciprocal form factor ß a (s), which is the final result of our data processing of a-(COOH) 2 • 2H 2 0 Compton spectra, contains information not present in the position density Q (r) about 0932-0784 / 93 / 0100-0315 $ 01.30/0. -Please order a reprint rather than making your own copy. Therefore, the theoretical calculations of £ a (s) started from the assumption that the electronic structure of a-(COOH) 2 • 2H 2 0 can be described as a superposition of oxalic-acid and water wave functions.
The intermolecular interactions were then introduced step by step by increasing the cluster size, thus making it possible to analyse the influence of the different bonding effects in the reciprocal form factor.
Experimental Details
The single crystals of a-(COOH) 2 • 2H 2 0 were obtained by growing seeds in a saturated aqueous solution or aceton-water mixture [8] in a temperature range of 40° to 28 °C with cooling rates of 0.025-0.050 °C per day. The orientation of the crystallographic /c-vector of the prepared thin crystal slices (thickness d = 1.51 mm-2.9 mm) was done with the Laue technique. The aim of our current single-crystal measurements is to obtain a great number of different directional reciprocal form factors to be used to reconstruct the three-dimensional momentum density of a-(COOH) 2 • 2H 2 0. The complete data set of these time-consuming anisotropic measurements (9 days per direction) will be the subject of a future publication.
The powder samples (d -0.75 mm-4.61 mm, 7 samples) consisted of finely pulverised a-oxalic acid dihydrate, which were molded to thin slabs by pressure.
The disk shape of the samples decreased the multiplescattering error, which was additionally corrected by extrapolation to zero thickness [9] . The isotropic data are given in Table 1 
Quantum-Mechanical Calculations
The calculations were done by using the density functional LCAO-MO-SCF program of Baerends et al.
[11] with a triple-zeta basis set [7] of Cartesian Slater-type orbitals (STOs) with polarisation functions up to 3 d for the hydrogen atoms and up to 4 f for carbon (frozen 1 s-core) and oxygen (frozen 1 s-core) atoms. The frozen-core approximation [12] on C and O saved computer time and disk storage capacity without reducing the quality of the calculated wave functions significantly. The applied exchange-correlation (XC) potential was a sum of the local approximation to exchange owing to Kohn and Sham [13] and the local approximation to correlation of Vosko, Wilk and Nusair (VWN) [14] , which is based on MonteCarlo studies of Ceperly and Alder [15] for the homogeneous electron gas. The exchange-correlation potential was modified with the method of Stoll [16, 17] to correct the overestimation of the correlation between electrons with the same spin in the local density approximation (LDA). The cluster calculations ( Fig. 2 a, c) were corrected for the basis set superposition error (BSSE) according to Boys and Bernardi's counterpoise principle [18] by evaluating the fragments of the complex in the combined basis set of the whole complex.
The different clusters were built up from fragment molecules (procomplex). The advantages of this method are the transparent analysis of the weak interactions in a cluster and a good starting point for the LDA-SCF iteration of the complex. Our symmetrical-orthogonalisation program is based on a series expansion according to Löwdin [19, 20] . The directional reciprocal form factors were obtained by autocorrelation of the one-electron wave functions in position space. The isotropic B a (s) was calculated by
Fourier transformation of the spherically averaged momentum density.
The theoretical analysis of the reciprocal form factor in the direction of the hydrogen bonds of a-oxalic acid dihydrate is based on the comparison between LDA-SCF and symmetrical-orthogonalisation results for the donor-acceptor system in a fixed geometry. The scheme of thus decomposing B (s) into first-order (symmetrical orthogonalisation) and higher-order (LDA-SCF) effects [1] is analogous to an analysis of the interaction energy in terms of various energy contributions [21] .
Results and Discussion
The B a (s)-curves for the comparison of theory and experiment ( Fig. 3a-e) are drawn in the s-range from (Fig. 3 b) .
The difference of the experimental and the theoretical data depends strongly on the selected direction in the crystal (see Fig. 3 The small deviation of the curves (e) and (f) in Structure of Hydrogen Bonding in ac-Oxalic Acid Dihydrate 320 The influence of hydrogen bonding on the reciprocal form factor is revealed in Fig. 3 ence of LDA and symmetrical-orthogonalisation calculations (see Tables 2-4) for the corresponding hydrogen-bonded clusters (Figure 2 a, c) . The curves indicate that in the higher-s-value region (Fig. 4 b, c) , which was considered for the comparison with the experimental data, it is a good approximation to take into account the influence of the weak hydrogen bonds by symmetrical orthogonalisation. The neglect of higher-order effects led, however, to an overestimation of the association effect in the low-s-value range (Figures 4a-c) .
ciprocal form factors that were calculated with the Hartree-Fock-Slater (HFS) [22, 23] and the LDA method indicated only a small effect of the density functional on the autocorrelation of wave functions in position space. The correction for electron-electron correlation in the spin-restricted case [16, 17] , on the other hand, provided the main contribution to the difference between both calculation procedures. Krijn obtained similar results in the electron density distribution of CO and H 2 0 molecules [24] .
The calculation of our theoretical data is based on autocorrelation of LDA-orbitals (approximate KohnSham orbitals) in position space. This procedure is customarily employed, but only correct for HartreeFock wave functions. Lam and Platzman [25, 26] basis set) of Ne [28] and CO [29] led to results of the same order of magnitude (see Tables 5, 6 ).
An ab-initio SCF Hartree-Fock (HF) calculation for the a-oxalic acid dihydrate complex was performed (£ tot = -528.5501 £ h ) with the program GAMESS [30] using a Gaussian double-zeta basis set [31] augmented with 3d polarisation functions for carbon (exponent a = 0.7) and oxygen (a = 0.9) and 2p for hydrogen (a = 0.9) and was corrected for the BSSE Also when taking the average of a pair of complexes tilted as in the crystal, the HF data (not shown in Fig. 3 a) in the direction of that shortest hydrogen Fig. 1 
Conclusion
The comparison of the experimental and the theoretical data has demonstrated that the reciprocal form factor is far more sensitive to intermolecular interactions in the solid state than the corresponding electron-density data [7] .
In our theoretical calculations we have introduced the intermolecular interactions of the a-(COOH) 2 • 2H 2 0 unit by a cluster of increasing size. The main advantage of cluster calculations is the possibility to discuss the effect of the crystal environment in molecular and hence chemical terms.
Calculations that include the first coordination shell of the oxalic-acid molecule in the crystal have turned out to be a good approximation to the electronic structure of the crystal in the direction of the strongest hydrogen bond and in the A-direction. The poorer agreement between the experimental and theoretical data in the direction of the C = O and C -O bonds, on the other hand, indicates that also the second coordination shell -consisting of the neighbouring oxalic-acid molecules -contributes significantly to the intermolecular interactions in those directions. For the C = O bond it is the O = C bond of the next oxalic-acid molecule, linked by a pair of water molecules in a puckered eight-membered ring, that is not taken into account in the cluster calculation, while the oxygen O(l) of the C -O bond "sees" another oxygen atom of the same type of an oxalic-acid molecule of the tilted chain in the crystal at a distance of 3.196 Ä close to the extrapolated bond axis, again not included in the cluster.
For the three hydrogen bonds, we can further conclude from our £J a (s)-curves ( Fig. 4a-c) that the longrange interactions (high-s-value region) are dominated by first-order effects, whereas in the short-range interactions (small-s-values) also higher-order effects play an important role. This corroborates our earlier findings for the hydrogen bonds in KHC0 3 [1] .
Finally, we have found that the absolute B a (s) values obtained from our LDA and HF calculations deviate from each other. The intermolecular interactions as seen in the difference curves AB a (s) (cluster minus constituents), however, are in good agreement and thus do not depend on the different ansatzes of both methods (see Figure 4 a).
